The zinc finger transcription factor Gata4, is associated with gonadal development in many species. The present study characterizes temporal and spatial localization of Gata4 throughout gonadogenesis in porcine embryos. Immunohistochemical studies illustrated that Gata4 protein is present in the coelomic epithelium prior to histological differentiation of the nascent bipotential gonad, marking the future site of both XX and XY porcine gonads. This study illustrates that Gata4 is a very early marker for gonad formation, highlights species differences in temporal and spatial localization patterns, and suggests a potential role for Gata4 in the development of both XX and XY porcine gonads. Further, we suggest that mesenchymal cells of the dorsal mesentery may provide a source of somatic cells that migrate and incorporate into the gonad and contribute to various somatic cell lineages. Overall, the spatial and temporal localization patterns of Gata4 during porcine gonadogenesis implies a much earlier and wider role for Gata4 than previously reported in other species.
INTRODUCTION
The sexually indifferent gonads form as paired ridges on the ventromedial surface of the mesonephros and remain 1 Mention of product names is necessary to report factually on available data. However, the USDA neither guarantees nor warrants the standard of the product, and the use of the name by USDA implies no approval of the product to the exclusion of others that may also be suitable. bipotential until differentiation of the XY gonad into a testis. Sexual differentiation in the male pig is characterized by testicular cord formation by 26 days postcoitum (dpc; gestation length ϭ ϳ114 days) [1] , achieved by the enclosure of germ cells by epithelialized Sertoli cells that are in turn enclosed by peritubular myoid cells. Sertoli cells cooperate with surrounding peritubular myoid cells to lay down basal lamina, thus delineating the seminiferous cords [2, 3] . Shortly after cord formation, Sertoli cells differentiate and begin to express Müllerian inhibiting substance (Mis) that in turn initiates regression of the Müllerian ducts, blocking development of the female duct system [4] . Leydig cells in the testis differentiate after cord formation, resulting in subsequent androgen-stimulated development of the male phenotype. Female sexual differentiation occurs later in development and is characterized by follicle formation, achieved by the enclosure of germ cells by follicular cells that subsequently differentiate into granulosa cells, later followed by the differentiation of the steroidproducing thecal cells and other interstitial cells outside the follicle. In species exhibiting delayed meiosis [5] , such as pigs, germ cells become enclosed in germ cell cords or egg nests lined with a basal lamina [5, 6] . The whole ovarian medulla consists of cords and interstitium by 38 dpc. Organization of cortical cords and degeneration of medullary cords characterizes the final differentiation of the ovary, which occurs by 44 dpc [7] .
In mammals, genetic sex is determined at fertilization resulting in XX and XY embryos destined to become females and males, respectively. The early gonad is composed of two main cell types, germ cells and somatic cells. Primordial germ cells (PGC) in mammals originate in the base of the allantois and migrate through the hindgut epithelium and dorsal mesentery into the gonad [8] [9] [10] [11] . In the pig, PGC can be identified in the dorsal mesentery of the hindgut between 18 and 23 dpc and within the gonadal ridge by 26 dpc [12] . Somatic cells of the gonad can be divided into three main lineages: connective, steroidogenic, and supporting. The connective cell lineage, which, in addition to endothelial cells, gives rise to stromal cells in females and peritubular myoid cells in males. Peritubular myoid cells and endothelial cells are reported to originate from the adjacent mesonephros [13] [14] [15] . Rodent studies have shown that the migration of these cells into the XY gonad from the mesonephros that requires the expression of Sry [16] is necessary for the formation of testis cords and Sertoli cell differentiation [17] . The steroidogenic cell lineage gives rise to Leydig cells in the testis and thecal cells in the ovary. These cells are responsible for sex hormone production, which contributes to secondary sexual characteristics of the embryo. The origin of these cells remains unclear. The supporting cell lineage gives rise to the Sertoli cells of the testis and granulosa cells of the ovary. Previously, it has been proposed that Sertoli cells arise from the mesonephros, the coelomic epithelium, or both [5] . However, recent lineage-tracing studies in mice have shown that coelomic epithelial cells that overlay both XX and XY gonads proliferate and migrate into the gonad, contributing to cells of multiple lineages, including Sertoli cells [18] . Whether the supporting cell lineage of the gonad arise solely from the proliferating coelomic epithelial cells overlying the gonad or whether these cells migrate from another region of the embryo is unclear.
Several genes are known to be intimately involved in gonadal development and sexual differentiation, including the testis-determining gene Sry [19] , Sox9 [20, 21] , Mis [22] , steroidogenic factor 1 (Sf1 [23] ), Dax1 [24] , and Wilms Tumor factor-1 (Wt1 [25] ). The Gata family of transcription factors has been implicated in the regulation of gene expression and differentiation in a variety of tissues. This family of proteins regulates gene expression, differentiation, and cell proliferation by binding to the consensus DNA sequence WGATAR [26, 27] . Although three members of this family are expressed in the differentiated testis and ovary of the mouse (Gata1, 4, and 6), only Gata4 is present during gonadogenesis [28] [29] [30] . Gata4 is expressed in the somatic cell lineage of the bipotential mouse gonad (11.5 dpc [29] ); however, the spatial and temporal expression localization of Gata4 during the formation of the gonad and early gonadogenesis is unknown. Following sexual differentiation Gata4 is expressed in a sexually dimorphic manner in mice [28] [29] [30] , and species differences exist in the temporal and spatial expression patterns within the gonad [28] [29] [30] [31] [32] . Exogenous gonadotrophins and estrogens regulate Gata4 transcript levels in murine ovaries in vivo [28] . Gata4 can also regulate both inhibin-␣ and Mis gene transcription in vitro [29, 30, 33, 34] . Collectively, these studies indicate that Gata4 may play an important role in embryonic gonadogenesis and subsequent gonadal development. To date, spatial and temporal localization patterns of Gata4 during gonad formation and early gonadogenesis have not been described. In addition, localization patterns of Gata4 during embryonic gonadogenesis and testis and ovarian development in large mammals such as the pig have not been characterized. Thus, the objective of this study was to elucidate spatial and temporal localization patterns of Gata4 during porcine gonad formation, sexual differentiation, and subsequent development of the testis and ovary during fetal and postnatal life.
MATERIALS AND METHODS

Tissue Samples
Embryos were obtained from White-Composite sows (Sus scrofa). Procedures for handling all animals in this study complied with those specified in the Guide for the Care and Use of Agricultural Animals in Agricultural Research and Teaching [35] . Estrus was checked once daily, and sows were artificially inseminated with mixed semen on the first and second day of detected estrus. Day 0 corresponded to the first day of insemination. Intact embryos were collected at various ages between approximately 18 and 40 days of gestation, and testes and ovaries were collected from fetuses at 105 days of gestation and from adult animals. Pregnant uteri were placed on ice and opened, and the embryos/fetuses were removed and placed in cold saline on ice. Embryo/fetal weight and crown-rump length (CRL; 18-40 dpc) were recorded. Prior to 28 dpc, embryonic membranes and umbilicus were removed and snap frozen for isolation of genomic DNA for embryo sexing as described below. Within a group of animals mated on the same day at approximately the same time, the exact gestational ages of the embryos varies depending on the time of conception. Embryo CRL and estimated gestational age data were collected from 139 litters of embryos including both males and females. The high correlation between embryo CRL and gestational age (R 2 ϭ 0.94) indicated that CRL was an accurate indicator of early embryonic age. The relationship between fetal CRL and gestational age in this study is consistent with previous reports [36] with minor variations that are likely to be due to genetic differences as a result of selection. Adjusted gestational age versus CRL of porcine embryos and comparison of the timing of early developmental events in the mouse gonad are presented in Figure 1 for ease of comparison with other species.
Embryo Preparation and Immunohistochemistry
All embryos collected before 28 dpc were sexed by polymerase chain reaction (PCR) amplification of the Y-chromosome-specific porcine gene Sry. Genomic DNA was isolated from fetal tissue collected at sacrifice using the saturated salt extraction procedure [37] . PCR was performed using the same primers employed by Pomp et al. [38] to amplify Sry. An annealing temperature of 58ЊC was used for 30 cycles to yield a product of 163 base pairs.
At each age studied, immunohistochemistry was conducted on sections from at least five embryos of each sex, representing at least three different litters. Embryos, testes, and ovaries were fixed intact in 4% paraformaldehyde in Dulbecco PBS overnight at 4ЊC with gentle agitation. Embryos were then washed in PBS, dehydrated through graded alcohols, cleared with xylene, and embedded intact in paraffin; 5-m cross sections in the medial plane were taken to generate cross sections of the paired mesonephroi and gonads at each stage of development under study. The sections were deparaffinized and subjected to immunohistochemistry for Gata4, Mis, or laminin-␣1. The Gata4 antibody was an anti-Gata4 peptide antibody (1:200; Santa Cruz Biotechnology [SCB], Santa Cruz, CA) raised against a peptide mapping at the carboxy terminus of Gata4 of mouse origin. This epitope is completely conserved between mouse and humans and 90% identical in pigs (AAF05950; representing the terminal 110 amino acids of porcine Gata4). The Mis antibody was an anti-Mis peptide antibody (1:100; SCB) raised against amino acids 541-560 of human Mis (identical to corresponding sequences in pig). The laminin-␣1 antibody was an anti-laminin-␣1 peptide antibody (1:200; SCB) raised against amino acids 3056-3075 of human laminin-␣1. The sequence conservation between human and porcine laminin-␣1 could not be determined as the porcine laminin-␣1 sequence is not available. Serial sections were also subjected to immunohistochemistry using commercially available Gata4 (Fig. 3 , B and E), Mis, and laminin-␣1 peptides (SCB) in 10ϫ excess of the respective primary antibodies to confirm the specificity of the antibodies. In addition, nonimmune serum or absence of the primary antibodies was used to conclude that nonspecific binding was not problematic. Mis was used as a marker for differentiated Sertoli cells, and laminin-␣1 was used to identify basal lamina formation. The avidin-biotin immunoperoxidase system was used to visualize antibody binding (Vectastain Elite ABC Kit; Vector Laboratories, Inc., Burlingame, CA). Novared (Vector Laboratories) was used as the chromogen. The tissue was visualized using light counterstaining with hematoxylin. 
Cell Migration Assay
Three White Composite sows were bred as described above and three embryos from each litter were collected on Day 24 of gestation. Embryos were removed from the uterus and placed in sterile Ca 2ϩ -and Mg 2ϩ -free PBS containing fungicide (4 l/ml kanomycin solution; Sigma Chemical Co., St. Louis, MO). Embryos were dissected in sterile PBS under a dissecting microscope. The abdominal cavity was opened and the liver, heart, and gut tissue removed. Using the blood-filled dorsal aorta as a landmark, the paired mesonephroi with the gonads attached were separated from the remainder of the embryo immediately ventral to the dorsal aorta, leaving the dorsal mesentery connection between the paired mesonephroi intact. The intact gonads were then carefully removed from the ventromedial surface of the mesonephroi and placed in Dulbecco modified Eagle medium containing 4 mM L-glutamine (DMEM; ATCC, Manassas, VA) and 15% fetal calf serum. The mesonephroi were then dissected from the dorsal mesentery of the hindgut. A small explant of one mesonephros, approximately the same size as the paired gonads, was removed. Explants of mesonephros and gonad were washed several times in DMEM. Dorsal mesentery tissue was washed several times in DMEM and triturated to disrupt cellular aggregates and allowed to settle for 5 min before recovery of a single cell suspension of dorsal mesentery cells of the hindgut free of aggregates and debris.
The assay used was similar to that employed to study PGC migration [39] . However, the requirement for a monolayer was investigated in the present study and was found to be unnecessary. Three aligned wells (Fig.  4A) were cut in single-well glass chamber slides (Superfrost/Plus; Fisher Scientific Pittsburgh, PA) containing 10 ml of 7.5% agarose in PBS. The central well was coated with Peptite-2000 (Telios Pharmaceuticals Inc., San Diego, CA), and the slides were sterilized using UV irradiation. This well was seeded with the single cell suspension of dorsal mesentery cells (1 embryo equivalent per well) that resulted in the random distribution of cells across the entire central well. The lateral wells were filled with DMEM. Test explants (gonad and mesonephros) were placed in the lateral wells, and the cultures were left undisturbed on a level surface at 37ЊC in 5% CO 2 and air for 24 h. A total of nine replicates were performed using embryos obtained from three different litters. Cultures were then fixed in 4% paraformaldehyde and immunostained for Gata4 as described above to ensure that other contaminating mesentery cells and migrating PGC did not influence the results. Sections were not counterstained to ensure that only the Gata4-positive cells were enumerated. The number of cells within the central well was large, and thus to ensure accurate enumeration of all of the cells a collage was made of the central well by aligning several digital photographs to form a graphical representation of the central well. On each collage, the central well was divided into three equal portions (i.e., zones A, B, and C as shown in Fig. 4A ). The number of Gata4-positive cells within each zone was then manually enumerated for each replicate (n ϭ 9). One operator was used for all enumerations.
Statistical Analysis
Differences in cell counts between regions of the central well in relation to the explant tissues were analyzed using a mixed-model procedure [40] . The model included the fixed effects of explant tissue and the random effect of sow nested within replicate. Total cells counted for each slide was used as a covariate. The data are presented as least-square means and SEM.
RESULTS
Histological Development of the Embryonic Porcine Gonad
At 19 dpc, histological differentiation of the gonad was not evident (Fig. 2, A and B) . The early gonad was first identified histologically by 20-21 dpc as a continuous layer of polarized columnar cells overlying a population of densely arranged mesenchymal cells (Fig. 2D) , consistent with the description by Pelliniemi [41] . Occasional large round, individually dispersed PGC could also be identified in the early gonad (Fig. 2D) . From 22 to 26 dpc, both XX and XY gonads increased greatly in size. The PGC population also increased and remained randomly dispersed throughout the gonadal blastema and mesenchyme. The presence of testicular cords, characterized by epithelialized Sertoli cells enclosing unpolarized germ cells (Fig. 2G) , indicated that male sexual differentiation had begun by 26 dpc, resulting in the characteristic striated appearance of the gonad (Fig. 2F) . Between 26 and 105 dpc, the histological appearance of the testis remained similar, but the number of seminiferous tubules increased dramatically resulting in a greater mass of the testis.
The XX gonad remained structurally undifferentiated (Fig. 2E ) until approximately 33 dpc when cordlike structures were apparent as swirls within the gonadal blastema. Occasional egg nests were observed while most of the germ cells remained individually dispersed throughout the gonad, in particular in the outer regions under the surface epithelium. Cordlike structures increased in number, but egg nests were fairly rare until approximately 37 dpc when many prominent egg nests were apparent. Not all germ cells were enclosed within egg nests at this time; many remained individually arranged in the outer portion of the gonad. A similar distribution of egg nests was observed at 40 dpc (Fig. 3D) . At 105 dpc, folliculogenesis was evident by the presence of egg cells nests, primordial, primary, and secondary follicles.
Gata4 Localization in the Gonads
Apart from localization in the gut epithelium, Gata4 protein was absent on 18 dpc. A single layer of Gata4-positive coelomic epithelial cells on the ventromedial surface of the mesonephros was observed at 19 dpc (Fig. 2, A and B) . By 21 dpc, Gata4 was present in every coelomic epithelial cell overlying the bipotential gonad and in the mesenchymal cells underlying the surface epithelium (Fig. 2D) . From 22 to 25 dpc, Gata4 was expressed in most of the somatic cells of both the XX and XY bipotential gonad. The nuclear localization of Gata4 protein was consistent with its role as a transcription factor.
At all embryonic stages studied, Gata4 immunoreactivity was never observed in the mesonephric structures (Fig.  2, A and D) , including the Müllerian and mesonephric ducts, the PGC population (Fig. 2, D and G) , and a small population of somatic cells of the testis including the endothelial cells of the vasculature and other undifferentiated mesenchymal-like cells randomly distributed throughout the interstitium.
Testicular differentiation, as characterized by cord formation, was apparent by 26 dpc in the XY gonad (Fig. 2,  F and G) , while the XX gonad remained undifferentiated at this stage (Fig. 2E) . Gata4 was present in almost all somatic cells within the XY gonad including Sertoli cells, Leydig cells, some peritubular myoid cells, and mesenchy- mal-like cells located at the periphery of the testis that form the future tunica albuginea. The strong Gata4 immunoreactivity within the Sertoli cells enabled a clear definition between the developing testicular cords and the surrounding interstitial cells (Fig. 3A) . Gata4 immunoreactivity was retained in these cells of the interstitium and testicular cords throughout fetal, neonatal, and adult life (data not shown), but based on intensity of staining within a section, immunoreactivity in Sertoli cells appeared much higher than in the interstitium. The identity of differentiated Sertoli cells at 26-32 dpc was confirmed by comparison of serial sections labeled with Mis or Gata4. Mis immunoreactivity within the cytoplasm of Sertoli cells was low at 26 dpc but was abundant by 32 dpc (Fig. 3C ) and was retained throughout gestation. The spindle-shaped fibroblast cells forming the tunica albuginea were present by 28 dpc and formed a thick layer around the outside of the testis. These cells, however, appeared to be continuous with the mesenchymal cells of the interstitium and were not a morphologically distinct cell layer until early postnatal life. Immunolocalization of laminin-␣1, a major constituent of the basal lamina, illustrated that the basal lamina of the seminiferous tubules is continuous by 32 dpc. However, the thick layer of laminin characteristic of the tunica albuginea was absent throughout fetal life.
The XX gonad remained undifferentiated until approximately 33 dpc. At this stage the formation of cord-like structures was observed, and numerous egg cells nests were apparent by 40 dpc (Fig. 3D) . Gata4 was present in almost all of the somatic cells of the ovary, in particular in the cells that aggregate to form the cord-like structures surrounding egg cell nests. These are likely to be follicular cells. The oocytes were strikingly unreactive for Gata4 (Fig. 3D) , making their initial formation easy to identify using light microscopy. At 105 dpc, Gata4 was abundant in the follicular cells of egg cell nests, primordial and primary follicles, and the granulosa cells of the secondary follicles (Fig. 3F ). Many stromal (Fig. 3F ) cells also contained Gata4 protein. In the adult, Gata4 immunoreactivity was restricted to the follicular cells of the primary follicles and granulosa cells of secondary and antral follicles of theca and stromal cells. As observed in the testis, Gata4 protein was absent from endothelial cells and oocytes throughout development (Fig. 3, D and F) .
Gata4 Expression in Dorsal Mesentery
The splanchnic mesodermal cells ventral to the dorsal aorta and the associated endoderm (coelomic epithelium) of the hindgut, continuous with the coelomic epithelium of the gonad, also contained Gata4 protein. For ease of terminology, this region of the splanchnic mesoderm and associated endoderm will henceforth be referred to as hindgut dorsal mesentery. This population of Gata4-immunoreactive cells was small at 19 dpc (Fig. 2, A and C) ; however, by 21 dpc the number of Gata4-positive cells in the hindgut dorsal mesentery increased dramatically (Fig. 2D ). This pattern of Gata4 localization was retained following differentiation of both the XX and the XY gonads. The number of Gata4-reactive cells in the hindgut dorsal mesentery decreased with age; however, every coelomic epithelial cell of the dorsal mesentery retained Gata4 immunoreactivity in both XX and XY gonads at least until 40 dpc. Careful examination of serial sagittal sections of 26 dpc embryos revealed that the Gata4-positive population of hindgut dorsal mesentery cells was in fact continuous with the Gata4-positive foregut mesentery cells.
Genital Ridges Exert a Chemotropic Effect on 24 dpc Somatic Cells of the Hindgut Dorsal Mesentery
Dorsal mesentery cells were isolated on 24 dpc and exposed to explant tissues from either gonad or mesonephros. The dorsal mesentery cells were seeded into the central assay well, randomly distributed across zones A, B, and C, but after the 24-h incubation period, the immunoreactive dorsal mesentery cells preferentially accumulated in zone A closest to the gonadal explants (5714 Ϯ 742; P Ͻ 0.001; Fig. 4B ) in each of the nine replicates (ϳ12 000 Gata4-positive cells per replicate). The number of cells that accumulated in zone A, closest to the gonadal explants, was significantly different from the number of cells in both zone B (4259 Ϯ 742; P Ͻ 0.001) and zone C (4002 Ϯ 742; P Ͻ 0.001), but the number of cells in zone B and C were similar (P Ͼ 0.10).
DISCUSSION
The presence of Gata4 protein in supporting and steroidogenic cell lineages of the bipotential gonad and developing and adult testis and ovary indicates a prominent role for this transcription factor during porcine gonadogenesis. In addition, temporal and spatial localization patterns of Gata4 in the dorsal mesentery indicate that Gata4 may mark a population of pluripotent splanchnic mesodermal cells that could migrate and contribute to the somatic cell lineage of gonads. An in vitro cell migration assay supported this hypothesis. Collectively, these results imply a much earlier and wider role for Gata4 in gonadogenesis than previously reported in other species.
Gata4 protein was present from the earliest stages of gonadogenesis in both female and male embryos. While it is well established that Gata4 interacts with several genes later in development, the signal to turn on Gata4 and its interactions with other genes during early gonad formation is unknown. It is unlikely that Sry is involved in this early expression, as Gata4 is present prior to first reported expression of Sry in porcine gonads [42] , and Gata4 protein is observed in both male and female gonads. Though early mouse Gata4 localization has not been addressed, comparison of equivalent developmental stages of porcine and mouse embryos indicates that the timing of Gata4 localization might overlap with Sf1 [23] and Wt1 [25] expression, two factors implicated in the initial formation of bipotential gonads [23, 43] . However, transcripts for Wt1 have only been detected as early as 21 dpc and Sf1 as early as 23 dpc in porcine gonads by reverse transcription-PCR [42] . Pres- ence of consensus binding sites for the Gata family of transcription factors in both Wt1 [44] and Sf1 [45] genes provides a potential mechanism for coordination of their expression with Gata4. Collectively, these results suggest that Gata4 is likely to play an important part in an ordered regulatory pathway that regulates or influences downstream genes required for gonad formation and subsequent development.
Gata4 appears to play an important role in male sexual differentiation, at least in rodents. Consensus binding sites for the Gata family are found in the mouse Mis promoter [29] and mouse Gata4 protein interacts directly with Sf1 protein through protein-protein interactions to enhance Mis gene transcription [33] during testicular differentiation. This in turn initiates regression of Müllerian ducts to block female differentiation. In the present study, temporal localization patterns of Mis and Gata4 in XY gonads overlap, consistent with the same interactions in porcine gonads. However, there are striking differences in Gata4 localization between mice and pigs following testis differentiation. In both, Gata4 is abundant in Sertoli cells and to a lesser extent in interstitial cells, including Leydig cells during late fetal and neonatal life. Gata4 continues to be expressed in mice testes until 14 days postnatal [29, 30] but then is rapidly downregulated in Sertoli cells, interstitial cells, and upregulated in germ cells [29] . In contrast, in porcine testes Gata4 protein remains localized to Sertoli cells and some interstitial cells throughout postnatal life and is never observed in germ cells irrespective of stage of development. In human testes, Gata4 is expressed by both Sertoli cells and germ cells during fetal and prepubertal life but is absent in germ cells during pubertal development and in adults [32] . These studies highlight several species differences in the localization of Gata4 during fetal and postnatal life, indicating potential species-specific roles for Gata4 in the testis.
Species differences in timing of the formation of a basal lamina surrounding testis cords and within the tunica albuginea around the periphery of testes are also evident. In mice, the basal lamina of testicular cords forms soon after sexual differentiation (ϳ12.5 dpc), shortly followed by formation of the tunica albuginea around the periphery of testes, both of which are identified by intense laminin-␣1 immunoreactivity [18] . In contrast, in porcine testes, formation of a continuous laminin-␣1-positive basal lamina around testicular cords was not evident until 32 dpc, 6 days after testis differentiation, and the intense laminin-␣1 layer characteristic of the tunica albuginea was absent throughout fetal life. While it is possible that the basal lamina of the tunica albuginea in porcine testes does not contain laminin-␣1, morphological distinction between spindle-shaped fibroblast cells of the tunica albuiginea and mesenchymal cells of the interstitium was not apparent until early postnatal life. These results suggest that structural development of porcine testes is delayed compared to rodents. Similar species differences are observed in Gata4 localization in ovaries. Consistent with testicular localization, Gata4 is abundant in many somatic cells in developing ovaries in both pigs and mice. However, in mice, Gata4 is dramatically downregulated shortly after embryonic ovarian differentiation [29] and is not upregulated again until adulthood when it is localized in follicular cells of primary follicles and granulosa cells of secondary and antral follicles and some thecal and stromal cells [28, 29] . In contrast, Gata4 protein is present at high levels in follicular and some stromal cells of ovaries throughout fetal life in porcine ovaries. At 105 dpc, Gata4 protein is observed in follicular cells surrounding egg cell nests, primordial and primary follicles, and granulosa cells of secondary follicles. Gata4 protein remains abundant throughout subsequent postnatal development and is present in follicular cells of primary follicles and granulosa cells of secondary and antral follicles and some thecal and stromal cells of adult ovaries as observed in mice [28] and humans [31] . Together, these results illustrate that in pigs, Gata4 does not exhibit a sexually dimorphic pattern of localization as observed in rodents. Furthermore, species differences in localization patterns of Gata4 in ovaries following gonadal differentiation indicate that although Gata4 may play a similar functional role during embryonic gonadogenesis and in adult ovaries, Gata4 must play an additional or different role in fetal and neonatal ovarian development in pigs.
Coupled with localization in the coelomic epithelium of the future gonad, Gata4 is present in mesenchymal cells of dorsal mesentery during gonadal formation. As gestation advances, substantially more cells contain Gata4 protein within the hindgut dorsal mesentery. These cells are not a distinct population but rather are continuous with Gata4-positive coelomic epithelial cells overlying the gonad. A chemotropic assay determined that Gata4-positive cells in the dorsal mesentery preferentially accumulated in the area of the assay well closest to gonadal explants. This demonstrates that gonad effect is not due solely to the presence of embryonic tissue. Rather, gonads, and not mesonephros, must exert a chemotropic signal. However, it is also possible that preferential accumulation of cells in the region nearest the gonad explants results from increased survival and/or proliferation of Gata4 immunoreactive cells in response to a factor produced by the gonad.
The coelomic epithelium as a dynamic source of somatic cells of the gonad is consistent with recent reports in mice [18, 46] . These studies illustrate that proliferating cells of the coelomic epithelium overlying both XX and XY gonads migrate into gonads during defined stages of development, thereby contributing to the somatic cell population including Sertoli cells. Several observations in the present study suggest that a similar pattern of migration may occur in porcine gonads and that these precursor cells could originate from the dorsal mesentery. First, coelomic epithelial cells overlying the gonad described by Karl and Capel [18] contain Gata4 protein and form a continuous population with the Gata4-immunoreactive coelomic epithelial cells lining the dorsal mesentery. Second, an in vitro migration assay illustrated that these Gata4-positive dorsal mesentery cells have the capacity to migrate toward gonads in response to a soluble signal from gonads. Third, localization of Gata4 is restricted to distinct cell lineages. Following sexual differentiation, Gata4 is localized within cells generally restricted to the supporting (Sertoli and follicular/ granulosa cells) and steroidogenic (Leydig and theca cells) cell lineages. Thus, retention of Gata4 immunoreactivity supports the possibility that Gata4 marks distinct precursor somatic cells destined to contribute to supporting and steroidogenic cell lineages of the gonad. Interestingly, Gata4 protein is absent from the germ cell lineage and endothelial cells that originate from the base of the allantois [8] [9] [10] [11] [12] and mesonephros [13] [14] [15] , respectively. An additional source of gonadal somatic cells is, however, not discounted. Definitive proof that hindgut dorsal mesentery cells are precursors for somatic cells of gonads must await complex experiments such as DiI-labeling [18] of hindgut dorsal mesentery cells in order to follow their migratory fate.
It is well accepted that the Gata family of transcription factors represent important regulators of lineage determination in various tissues. Gata1 [47] [48] [49] [50] and Gata2 [51] are essential for hematopoiesis. Gata4 has also been implicated in regulation of gastric parietal cell gene expression [52] , ventral morphogenesis [53] , and heart development [54] [55] [56] [57] [58] . Gata4 may also play an important role in sexual differentiation in rodents [29] and maturation and function of testicular somatic cells [30] . However, it is still unclear whether Gata4 is required for commitment of these cells to a gonadal fate, whether Gata4 is required for migration and the exact role for Gata4 during gonadogenesis are unclear. In vitro studies have indicated that Gata4 is not required for endodermal or mesodermal commitment to cardiac fate [56] nor for capacity of cells to differentiate along other lineages [59] . An alternative role for Gata4 in these migrating precursor cells may be to facilitate cell survival and maturation. Notably, decreased expression of the erythroidspecific gene Gata1, which is required for terminal differentiation of erythroid cells [47] , is required for survival and maturation of erythroid precursors [60, 61] . In addition, the apoptotic fate of precardiac P19 cells lacking Gata4 indicates a critical role for Gata4 in nuclear signaling of cell survival [56] . Further, apoptosis of ovarian granulosa cells is associated with an abrupt decrease in Gata4 expression [28] . Retention of Gata4 immunoreactivity in supporting and steroidogenic cells of the porcine testis and ovary throughout fetal and into postnatal life [30] is consistent with a similar role for Gata4 in porcine gonads.
Gata4-deficient mice die in utero between 8.5 and 10.5 dpc, prior to gonadogenesis [58] . However, Gata4 knockout embryos lack a primitive heart tube and foregut [57, 58] , suggesting that Gata4 is required for migration or folding morphogenesis of precardiogenic splanchnic mesodermal cells. Furthermore, Gata4 is required for morphogenesis of the visceral endoderm and portions of the foregut and hindgut endoderm [53] . Though this suggests that Gata4 might play a role in cell migration or patterning, its influence must be nonautonomous given that embryonic stem cells deficient for Gata4 are nonetheless able to populate the heart in chimeric mice [62] .
A combinatorial network of many factors appears to be necessary for specification and differentiation of gonadal cell lineage. The present study indicates a much earlier role for Gata4 in bipotential gonadogenesis than previously described. Early embryonic localization of Gata4 and its proposed role in survival and maturation of gonadal cells further emphasize that Gata4 may be an important mechanism to reinforce tissue-specific developmental pathways. In addition, species differences in spatial and temporal localization patterns of Gata4 emphasize species specificity in the role of Gata4 during gonadogenesis.
